We report a silica glass nested capillary anti-resonant fiber with low bending loss sensitivity around a wavelength of 4000 nm. The fiber is characterized in terms of transmission over 1700-4200 nm wavelengths, revealing a 3500-4200 nm transmission window, clearly observable for a 12 m long fiber sample, and limited at the redshifted edge only by the experimental setup. The fiber is bending insensitive down to about 0.5 cm radius of a full turn, at which the measured bending loss over up to 6 turns is contained between 0.8 and 0.5 dB/turn at wavelengths of 3800-4000 nm. Our results provide experimental evidence of mid-infrared-capable, silica fibers with nested, anti-resonant capillaries, which motivates their applications in gas fiber lasers or fiberbased, cavity-enhanced spectroscopy.
Introduction
Anti-resonant fibers are hollow-core optical fibers, commonly referred to as negative curvature or hypocycloid fibers, due to the characteristic shape of core contour. Another term is inhibited coupling fibers (ICFs), which emphasizes their light guiding mechanism. The inhibited coupling between the core and cladding modes significantly limits the overlap of the guided mode with the glass. The first reported ICFs were the Kagomé fibers, developed in 2002 [1] . The principle of light guidance in such kind of optical fibers was explained in 2007 [2] , indicating the difference between photonic bandgap (PBG) and inhibited coupling (IC) guidance. A simplified structure, consisting of only one ring of circular capillaries of the cladding, was first reported in 2011 [3] . This was followed by a rapid development of various designs of hypocycloid-core fibers with particular emphasis on fibers with the core area limited by a single ring of circular, non-touching capillaries [4, 5] . Low intrinsic nonlinearity and dispersion of these fibers makes them particularly attractive for high energy pulse delivery [6] . The possibility to largely modify their optical properties by infiltration with liquids or gases opens up interesting applications in optofluidics [7] or temporal compression down to single optical cycles of laser pulses at exotic wavelengths [8] . Low attenuation is the obvious advantage of any fiber for a practical application and loss of below 10 dB/km in the visible and at important laser wavelengths in the near-infrared has been reported for ICFs [9, 10] . More recently, an anti-resonant fiber with measured attenuation of 2 dB/km at a wavelength of 1512 nm made it possible to consider them for specific telecommunication applications [11] . Mid-IR guidance is of particular importance due to numerous gas spectroscopy applications [4] . ICFs made of silica glass have been experimentally demonstrated to guide light at wavelengths up to 7900 nm, with attenuation at 3900 nm of roughly 50 dB/km [12] . Attenuation of 34 dB/km at 3050 nm and 85 dB/km at 4000 nm, was found for ICFs with a triangular cladding [13, 14] . Mode confinement in ICFs is very sensitive to bending, and is considered as one of the greatest challenges [15] . PBG fibers were outperforming anti-resonant fibers in this regard [15] . Significant research effort has been devoted to overcoming of this, resulting in reported bend losses of ICFs in the order of 0.25 dB/turn [16] , 0.2 dB/m of attenuation at 5 cm radius in the NIR range [17] and finally a result of 0.03 dB/turn bend loss for a 30 cm bend diameter at 750 nm [11] . Bend loss below 1 dB/km for R=10 cm at 1512 nm was recently reported as well [11] . An important conclusion was drawn between low bending loss and small core diameter ICFs [18] . A variant of ICFs with nested capillaries has been shown to alleviate the challenge of bend losses [19] . First reported fabricated structure with nested capillaries was a 10-capillary ICF, followed by a 5-capillary fiber [20, 21] . Here, we report on development of an inhibited-coupling, silica glass fiber with 7 non-touching, double-nested capillaries, and on characterization of its optical properties over the long-wave near-infrared and mid-infrared up to 4200 nm. We have measured transmission spectra up to 4200 nm and bending sensitivity for the spectral range of 3800-4200 nm, as well as mode structure at a wavelength of 2500 nm. It is shown in particular that the fiber is bending insensitive down to about 0.5 cm radius of a full turn, at which the measured bending loss over up to 6 turns is contained between 0.8 and 0.5 dB/turn at wavelengths of 3800-4000 nm.
Results
The silica glass nested capillary anti-resonant fiber was fabricated using the stack-and-draw technique. Microstructure of the fiber is shown at a scanning electron microscopy (SEM) image in Fig. 1a . The outer diameter is 162 µm, the air core diameter is 62 µm. The outer and inner capillary diameters are 29 µm and 16 µm, and their wall thickness are 1.6 µm and 0.9 µm, respectively. All transmission measurements and mode analysis have been performed with a 150 cm long sample. Light from a Coherent Chameleon-pumped optical parametric oscillator (OPO) output has been coupled to the fiber with a mid-infrared microscope objective. At output of the fiber, light was butt-coupled to a 200 µm core diameter fluoride glass patchcord connected to a Fourier transform infrared (FTIR) optical spectrum analyzer. Alternatively, a black diamond aspheric lens was used to collimate the output for characterization with an extended InGaAs beam profiler. The fiber supports guidance of few modes at 2500 nm, but the fundamental mode can be selectively excited, as shown in Fig. 1b . We also measured numerical aperture (NA) of the fiber at a wavelength of 1548 nm, obtaining NA = 0.037 for the fundamental mode and NA = 0.077 for a higher order mode. The fiber was protected with an acrylic coating and bending as tight as to a radius of r = 0.5 cm was possible. Only small deformation of the beam profile could be observed as shown in Fig. 1c , which confirms excellent mode confinement by the nested capillary structure. Depending on coupling adjustment, the LP 11 mode could be observed, as shown in Figs. 1d,e. Bending of fiber with these modes excited resulted in scrambling to a structure similar to the fundamental mode. An InSb thermal camera was used to assess the mode field at a wavelength of 4000 nm -shown in Fig. 1f . Low resolution of the image is dictated by limited choice of mid-infrared optics available at time of experiment. Fig. 2 contains results related to transmission and attenuation properties. Finite element method simulation results -shown in Fig. 2a , predict transmission windows in the 1800-2600 nm spectral range, as well as over 3400-4500 nm. This is in good agreement with measured transmission spectra -shown in Fig. 2b , where the idler output of the OPO was scanned across wavelength range of 1700-4000 nm. The limit of the OPO tuning range was 4000 nm and a full, not truncated spectrum at this central wavelength, reaching up to 4200 nm (with a tail of spectrum), suggests that this is not the full extent of the fiber's mid-infrared transmission. Attenuation of the fiber was measured by a standard cut-back method starting with a 12 m long sample. The fiber was cut by 2 m in the following measurement steps, down to 4 m of final fiber length. A reasonable agreement between simulation (attenuation roughly around 1 dB/m) and experiment (1.5-2 dB/m of attenuation) was obtained for the observed mid-infrared transmission window around wavelengths 3500-4000 nm. Differences between simulation and measurement at the near-infrared window are attributed to the surface scattering loss, which was not included in our simulations and typically increases towards shorter wavelengths [4] . Bending loss measurement was performed by coiling of the 4 m long fiber sample into consecutive, full turns (loops) of identical diameter, similarly to the procedure reported earlier for antiresonant fibers in [16] . For this measurement, free-space coupling to the FTIR was aligned. Once the fiber was secured in position after each consecutive turn, we did not observe any bending-related change in either the transmitted spectrum nor the output power, down tight loops of roughly 1 cm in diameter, or a radius of r = 0.5 cm. The first spectrum was recorded for a loosely coiled fiber, represented by a black trace in Fig. 3 , while the following spectra were registered for an increasing number of loops from 1 to 6, shown with violet traces in Fig.  3 . Measured bend loss was between 0.8 and 0.5 dB/turn over 3800-4000 nm, or an average of 0.6 dB/turn. These results are a step forward from those previously reported for an anti-resonant fiber with a single ring of capillaries [16] . Specifically, the loop radius was decreased from 2.5 cm to 0.5 cm, while the transmission wavelength was redshifted from around 3000 nm to 4000 nm. Fig. 3 . Measured bend loss per 1 turn (green trace), and intensity of transmitted signal over loose fiber (black trace) and 6 consecutive turns, each having 0.5 cm radius (violet traces).
Conclusions
In conclusion, we reported on successful development of a silica, anti-resonant fiber with experimentally confirmed mid-infrared transmission up to around 4200 nm, limited by capabilities of our measurement setup. While the measured mid-infrared attenuation of around 2dB/m could be improved with the technological procedure (ie. thinning of the capillary walls) we were already able to achieve very low bending sensitivity corresponding to bending loss of around 0.6 dB/turn with a radius of just 0.5 cm, by introducing nested capillaries into the fiber microstructure. Our results provide an experimental evidence for the crucial role of the nested anti-resonant capillaries in providing high bend loss resistance in hollow-core silica fibers operating in the mid-infrared. Hollow core fibers are extremely attractive, because they enable unique experimental modalities merely due to their specific spatial confinement properties, available at very short sample lengths [22] . These properties, when extended with the length dimension, are decisive in disrupting gas sensing and spectroscopy applications [23] . The feasibility to design robust multiple-pass setups is crucial for development of fiber-based cavity-enhanced spectroscopy [24] . Several-meter or longer gas-filled fibers are becoming important for fiber-based gas lasers exploiting Raman scattering [25] . More recently, 3100 nm or 4600 nm wavelength, mid-infrared lasers based on optical transitions between vibrational energy bands of different molecular gasses have been reported using gas-filled, anti-resonant fibers [26, 27] . The fiber cavity length, exceeding 10 m in either of cases, was reported among the key parameters of optimizing the system efficiency, which puts significant pressure on bending loss performance of the fibers used to build such systems.
